We study correlations between Madelung constants, charges of surface ions, and chemical activity of low-coordinated sites of the MgO crystal surface with respect to dissociative adsorption of hydrogen. The ab initio Embedded Cluster model ͓Puchin et al., Phys. Rev. B 47, 6226 ͑1993͔͒ employed in this study allowed us to reproduce correctly both short range and long range ͑Madelung͒ parts of the interaction between ions in a quantum cluster and the rest of the crystal. Our results show that sites having the same coordination numbers may have different properties, depending on values of Madelung constants. Lower Madelung constants correspond to lower ionicity, higher energy of H 2 adsorption, stronger O-H and Mg-H bonds, and larger spatial separation of two adsorbed hydrogen atoms.
I. INTRODUCTION
Apart from being a model system for solid state and surface studies due to its simple crystalline structure and purely ionic bonding, magnesium oxide crystals also exhibit catalytic activity for hydrogen isotope exchange, 1,2 watergas shift, 3 oxidative coupling of methane, 4 -6 and other reactions. It was established more than two decades ago that chemical activity of the surface of undoped MgO is determined by a small number of defect sites ͑steps, kinks, corners, etc.͒ with surface ions ͑especially oxygen͒ having low coordination numbers. 7, 8 In particular, dissociative adsorption of hydrogen molecules on the pairs of adjacent lowcoordinated O 2Ϫ and Mg 2ϩ ions can take place via heterolytic mechanism, [9] [10] [11] [12] [13] resulting in the formation of OH Ϫ and MgH ϩ surface groups. Theoretical and experimental studies have established a qualitative correlation between the chemical properties of the surface Mg-O pairs and their coordination numbers: hydrogen adsorption energy, 14 -16 hydrogen desorption temperature, [11] [12] [13] 17 and vibrational frequencies of the OH Ϫ groups 1, 18 decrease in the sequence Mg͑3C͒-O͑3C͒ϾMg͑4C͒-O͑3C͒ϾMg͑4C͒-O͑4C͒, while ionicity 14, 16, 19, 20 and surface exciton energy 21, 22 increase in the same order. The explanation of these correlations was based on the observation that surface sites with lower coordination numbers usually have lower Madelung constants. This results in lower band gap and ion charges. Enhanced covalency of the low-coordinated sites in its turn favors electron transfer from the bonding orbital of the hydrogen molecule to the surface and from the surface to the antibonding * orbital, cleavage of the H-H bond, and formation of stronger O-H and Mg-H bonds, as described in previous studies. 16, 23 Although the use of such a simple geometrical parameter as a coordination number was very helpful for qualitative analysis of experimental and theoretical data, results of several experiments 1,13,18,24 and calculations 16, 20 suggest that there is no perfect correlation ''coordination numberchemical properties.'' According to the discussion above, this can be explained by the fact that due to the long range character of the electrostatic potential, coordination number ͑lo-cal structure͒ does not determine unambiguously the Madelung constant of a particular site.
In this paper we address the following question: is it possible to find another simple parameter, instead of coordination number, which correlate better with chemical properties of the low-coordinated surface sites? In the following section we speculate that parameters ⌬F O and ⌬F MgO ͑de-fined as combinations of Madelung constant of surface ions͒ should correlate with oxygen charge, and characteristics of hydrogen adsorption on the MgO surface, respectively. By performing ab initio pseudopotential calculations of hydrogen adsorption on nine low-coordinates MgO surface sites with different values of the ⌬F O and ⌬F MgO parameters, as described in Sec. III, we showed that charges and reactivity are not determined by the coordination number alone. In particular, we found that sites with the same coordination numbers have different charges and reactivities with respect to hydrogen chemisorption, depending mainly on their corresponding ⌬F O and ⌬F MgO parameters.
II. THEORETICAL METHOD
A reduction in the ionic charge of low-coordinated oxygen ions means that some back-donation of the electronic charge occurs to the neighboring Mg 2ϩ ions. This transfer of electron is most likely to occur to the Mg neighbor, having the least negative Madelung potential ͓ Mg ͑max͔͒ among all nearest neighbors of oxygen. Therefore, it is natural to correlate the oxygen ionic charge with the value
Similarly, it is natural to correlate the structure and adsorption energy of H 2 chemisorption with the parameter 35 on the MgO surface. In the Embedded Cluster model, crystal with point defect ͑adsorbate͒ is divided into quantum cluster ͑or cluster͒ and the surrounding lattice. The cluster consists of the adsorbate and nearest lattice sites, and is treated by the restricted Hartree-Fock molecular orbital method, taking into account the embedding potential from the surrounding lattice, as described below. For a better comparison of properties of different low-coordinated sites, we choose the same quantum cluster Mg 4 O 4 ͑Fig. 1͒ for all surface sites considered here. To reduce the computational demand, we approximated the atomic cores in the cluster by the Stevens-BaschKrauss, effective core potential, 36 and used the CEP-31G basis set for the valence electrons. We studied geometries and energetics of dissociative adsorption of hydrogen on both unrelaxed and relaxed surface sites ͑the Mg-O pairs on which H 2 molecule is adsorbed are shaded in Fig. 1͒ . In the relaxed case, coordinates of the three-coordinated surface ions were optimized, while all other lattice atoms fixed. The GAUSSIAN92 computer code 37 was used in all calculations. Several approximations were made for the embedding potential of the surrounding lattice on the cluster. The surrounding lattice was modeled by a finite ͑188 -252 ions͒ array of ions ͑Fig. 1͒ at the fixed MgO lattice sites, with the experimental lattice constant of 2.106 Å. These ions were represented by whole-ion pseudopotentials. Similar to previous works, 29, 38, 39 we used the effective core potential 36 for cations and point charge (qϭϪ2.0) potential for anions. Thus, we ignored the lattice relaxation and electronic density redistribution outside of the cluster. For our study, we selected nine low-coordinated sites ͓Figs. 1͑a͒-1͑i͔͒ on the MgO surface, having Madelung constants varying from 1.181 to 1.682. The low limit corresponds to a MgO molecule attached to the surface step, as shown in Fig. 1͑a͒ and the high limit to the ͑001͒ surface, as shown in Fig. 1͑i͒ . The free Mg 4 O 4 cluster as shown in Fig. 1͑e͒ has an intermediate value of 1.456 for the Madelung constant. This selection allows us to study correlations between chemical properties with a wide range of Madelung constants. We found that with our choice of size and shape of the surrounding lattice for each surface site, the parameter ⌬F MgO has errors less than 1% with respect to its ''exact'' value for an infinite lattice of point charges ͑see Table I͒ . This accuracy is satisfactory for our purposes.
III. RESULTS AND DISCUSSION
To check accuracy of the approximations involved in the Embedded Cluster model, we compared results of four test calculations for coadsorption of MgO and H 2 molecules on the MgO͑001͒ surface modeled by the 8*8*4 lattice with different choices of quantum clusters and basis sets. First, we performed the all-electron calculation of cluster Mg 3 O 3 ͑ϩH 2 ͒ shown in Fig. 2 , using the 6-31G split valence basis set augmented with sp diffuse functions on oxygen and hydrogen atoms. 40 All remaining ions of the 8*8*4 lattice were modeled by the whole-ion pseudopotentials, as described above. The geometry of the Mg 3 O 3 cluster was optimized first and then kept constant during the structural optimization of the adsorbed H 2 molecule. Geometrical parameters of the MgO-H 2 coadsorption complex and H 2 binding energy are listed in the first column of Table II . These results are used as a reference point in our study, and are in a qualitative accord with the geometry optimized using the semiempirical Embedded Cluster model 14 as listed in the last column of Table II for the case, where the smaller cluster Mg 2 O 2 ͑ϩH 2 ͒ was used, in which the two surface ions ͑shaded in Fig. 2͒ were treated as part of the surrounding lattice and represented by whole-ion pseudopotentials. Comparing with the fourth column, where the cluster Mg 2 O 2 ͑ϩH 2 ͒ was computed using the all-electron basis set, the errors are smaller than those produced by the valence approximation. Thus, we can conclude that the whole-ion pseudopotential representation of the surrounding lattice produces smaller errors than the valence approximation inside the cluster and the omission of diffuse functions in the basis sets for oxygen and hydrogen atoms. Mulliken charges of oxygen ions categorized by their coordination numbers at the nine low-coordinated unrelaxed surface sites are plotted in Fig. 3 as functions of the parameter ⌬F O . We found that 6-, 5-, and 4-coordinated oxygen species have an electronic configuration close to O 2Ϫ . This is in qualitative agreement with previous studies, 14, 16, 20, [41] [42] [43] though a quantitative comparison between our present results with those from these previous studies is not possible, since different models and basis sets were used. Charge variations correlate well with the coordination number. In particular, the oxygen charges at sites with coordination numbers from 4 to 6 are nearly independent with respect to ⌬F O . However, charges of the 3-coordinated oxygen ions change from Ϫ1.0 to Ϫ1.3 as ⌬F O increases from 2.342 to 3.080. Smaller variation was found if these sites are relaxed. Note that at the low ⌬F O values, i.e., ⌬F O ϭ2.342, corresponding to the MgO molecule adsorbed near the surface step as in Fig. 1͑a͒ , the Madelung potential is not sufficient to localize two electrons on the oxygen atom, consequently, the Mg and O sites may have a radical-like electronic environment similar to a free diatomic Mg ϩ1 O Ϫ1 molecule. 14, 26 Similar results were also obtained for magnesium ions: 6-, 5-, and 4-coordinated sites are almost doubly charged, while charges of 3-coordinated Mg ions vary from ϩ0.8 to ϩ1.3, in correlation with the Madelung constant of the site.
As discussed in the Introduction, the lowering of ionicity at the sites with low-coordination numbers and Madelung constants, corresponds to the increase of the chemical reactivity. The relationship between the energy of H 2 adsorption on the unrelaxed sites and the ⌬F MgO parameter is shown in Fig. 4 and also listed in Table I . We found that the H 2 adsorption energy decreases from 160.9 kcal/mol to about zero almost linearly as ⌬F MgO increases from 2.342 up to about 16 and Anchell et al. 15 are also plotted for comparison. 44 ͓Fig. 1͑i͔͒, where the ⌬F MgO parameters are 3.190 and 3.362, respectively. For these sites, the calculated adsorption energies are smaller than the basis set superposition error ͑0.9 kcal/mol͒ computed using the full counterpoise method. The most reactive sites are the Mg(3C) -O(3C) surface sites. For these sites, the H 2 adsorption energy varies from 29.7 to 160.9 kcal/mol, in good correlation with the value of ⌬F MgO parameter. This is a clear evidence that the Madelung constants are important parameters determining the reactivity of the low-coordinated MgO surface sites.
Higher chemical activity of sites with lower Madelung constants is reflected also in the behavior of the geometrical parameters of H 2 adsorption as functions of the ⌬F MgO parameter, as shown in Fig. 5 . Both Mg-H and O-H bond lengths decrease if ⌬F MgO decreases, though less markedly for the O-H bond. Generally, shorter bonds correspond to higher stretching vibrational frequencies, thus, our results confirm the earlier conclusions regarding positive shift of infrared adsorption spectra of low-coordinated surface OH Ϫ groups.
1, 18 The H-H distance shows the most appreciable variation from 0.73 Å ͑this value is characteristic for the free H 2 molecule͒ for H 2 molecule near the flat ͑001͒ surface and edge ͓Figs. 1͑i͒ and 1͑h͒, respectively͔ to 4.8 Å corresponding to the complete breaking of the H-H bond for the H 2 adsorption on the MgO molecule attached to the surface step ͓Fig. 1͑a͔͒. Thus, the bond distances are in good correlation with the values of parameter ⌬F MgO . This is consistent with the behavior of surface ions charges and H 2 adsorption energy, as discussed above.
Next, we studied atomic relaxation of the lowcoordinated surface sites. Equilibrium structure of the free Mg 4 O 4 cluster ͓Fig. 1͑e͔͒ was found to be a distorted cube. all-electron calculations. 20 No ''dimerization'' was found in our calculations, in contrast with the results of tight binding method reported earlier. 45 An oxygen ion at the corner ͓Fig. 1͑f͔͒ relaxes inward, in agreement with rounding of the corner effect predicted previously. 46, 47 However, this relaxation of 0.13 Å is smaller than 0.31 Å, which was computed by the atomistic lattice simulation technique. 46 Generally, atomic relaxation shifts 3-coordinated ions to the position with a higher Madelung potential, 48 increases absolute values of their charges, as shown in Fig. 3 ͑broken line͒ and therefore decreases the chemical activity of defects ͑Table I and broken lines in Figs. 4 and 5͒. In our calculations, the variation of charge of the 4-, 5-, and 6-coordinated ions are much smaller than in the 3-coordinated case and may have either directions depending on the particular defect structure ͑also see Ref. 19͒.
IV. CONCLUSIONS
Results presented above allow us to conclude that Mg(3C) -O(3C) surface pairs on the MgO crystal surface have appreciable reactivities toward dissociative adsorption of hydrogen molecules. However, surface pairs with the same coordination numbers may have different properties. We found that ionicity and chemical reactivity of the MgO low-coordinated sites are in good correlation with the combinations ⌬F O and ⌬F MgO of Madelung constants on these sites: surface 3-coordinated oxygen ions with lower values of the parameter ⌬F O have lower charges; surface Mg-O pairs with lower values of ⌬F MgO bind hydrogen more strongly and dissociate hydrogen molecules more readily. Since Madelung constants of arbitrary ͑unrelaxed͒ low-coordinated site can be easily found without performing expensive calculations of its electronic and geometrical structures, one can roughly estimate the charge distribution and parameters of hydrogen chemisorption for each particular defect site simply interpolating data in Figs. 4 -6 from our present study. More theoretical and experimental work, however, is needed in order to confirm the established correlations ''Madelung constants-chemical properties'' on interaction of the MgO surface with other molecules, as well as on chemical properties of other ionic crystal surfaces.
ACKNOWLEDGMENTS
This work was supported by the National Science Foundation through a Young Investigator Award to T. N. T. Authors are indebted to Professor A. L. Shluger for stimulating discussions, to Dr. V. E. Puchin for help in calculations, and to the referee for valuable comments. We also thank the Utah Supercomputer Institute for computer time. 
